The CoFe2O4 andFe3O4nanaoparticles, and ionic liquid-modified Fe3O4with1-octyl-3-methylimidazolium bromide, (IL-Fe3O4), have been prepared and their characteristics for adsorption of alizarin red S dye (ARS) were studied. The mean size and the surface morphology of the nanoparticles were characterized by TEM, XRD and FTIR techniques. Adsorption of the ARS was performed under different experimental conditions in the batch system. The isotherm evaluations showed that the Langmuir model performed better fits with the equilibrium data. The maximum adsorption capacities were 140.8, 192.3, and 256.4 mg of ARS per gram Fe3O4, CoFe2O4, and IL-Fe3O4 nanoparticles, respectively. The applicability of two kinetic models including pseudo-first order and pseudo-second order models were estimated as the basis of comparative analysis of the corresponding rate parameters, equilibrium adsorption capacity and correlation coefficients. The adsorption processes for the Fe3O4 and IL-Fe3O4 nanoparticles as adsorbents were endothermic. Nevertheless the adsorption of ARS onto CoFe2O4 nanoparticles was exothermic. The dye was desorbed by an alkaline solution at pH 9.0 from Fe3O4 and by an acidic solution at pH 3.0 from both IL-Fe3O4 and CoFe2O4 nanoparticles. The recovered nanoparticles were successfully reused for more removal of the dye. 
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Introduction
Different kinds of synthetic dye may be found in the wastewaters formed intextile, leather, paper, and printing industries. Many toxic dyes are stable to photo-degradation, biodegradation, and oxidizing agents. Dyes have some harmful effects on the aquatic life. Dye removal from the wastewaters has attracted a great deal of attention from the researchers over the last few years. This is not only because of the potential toxicity, but also due to visibility problems. Further, a few dyes or their metabolites are either toxic or mutagenic and carcinogenic. In addition, residual dyes in wastewater absorb sunlight, leading to a decrease in the efficiency of the photosynthesis in the aquatic plants [1, 2] . The pollution of water owing to color effluents originating from various industrial activities is currently a global environmental problem [3, 4] . Therefore, it is necessary to find effective methods for wastewaters treatment to remove dyes from the effluents. The methods used to remove the organic dyes and pigments from the wastewaters are classified into three main categories: (i) physical methods (adsorption, filtration, and flotation) [5] [6] [7] , (ii) chemical methods (oxidation, reduction, and electrochemical) [8, 9] and (iii) biological methods (aerobic and anaerobic degradation) [10, 11] .
The conventional treatment methods for dye effluents such as, oxidation, coagulation, flocculation, photochemical destruction, ion exchange, and membrane filtration are complicated and costly.
These methods require additional chemicals or produce toxic products. In fact, the adsorption method has been widely used for dye removal [12] .
Adsorption has evolved into one of the most effective physical processes for decolorization of the wastewaters since it can produce high-quality and is economically feasible [13] . The most typically
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used adsorbent for the color removal is activated carbon [14] , due to its functionality for efficaciously adsorbing a wide range of materials [15] . However, its high cost and difficulty in its regeneration restrict its utilization. Thus, many researchers have focused on investigating the capabilities of nanoparticles. The economic and easily available adsorbent would certainly make an adsorption-based process a viable alternative for the treatment of wastewater containing pollutants. Selection of an appropriate adsorbent is one of the key issues to achieve the maximum removal of a pollutant because the process remarkably depends upon the adsorbent and adsorbate characteristics. Magnetic nanoparticles as an efficient adsorbent with large specific surface area and small diffusion resistance have been recognized [16] . The use of synthetic iron oxide is much more economic than the commercial highly efficient activated carbon, with a 30:1 relative ratio depending on the particular kind of activated carbon [17] . Moreover, the magnetic separation provides a suitable route for online separation. Several articles have been published on the application of various nanoparticles for the treatment and remediation onpollutants in the environment. Some even focusing specifically on dye removal [18, 19] for example, magnetic cellulose/Fe3O4/activated carbon composite were used for removal of Congo red [20] . Preferential and enhanced adsorption of different dyes was studied on iron oxide nanoparticles [21] .
In this work a comparative study was conducted on the adsorption of alizarin red S onto Fe3O4, CoFe2O4 and,IL-Fe3O4 nanoparticles as adsorbents.The ionic liquid used for this study was 1-octyl-3-methylimidazolium bromide, [C8MIM] [Br] , and the prepared nanoparticles were characterized by transmission electron microscopy (TEM), X-ray diffraction (XRD), and Fourier transform infrared (FTIR) spectroscopy. Adsorption isotherms, kinetic of adsorption and thermodynamic parameters were also characterized and reported.
Experimental

Chemicals and reagents
All the chemicals were of analytical grades. Alizarin red S (ARS), sodium hydroxide solution, hydrochloric acid (37 %w/w), acetone, FeCl3.6H2O (96 %w/w), FeSO4·7H2O (99.9 %w/w),CoCl2, 1-bromooctan, and 1-methylimidazolium were purchased from Merck (Merck, Darmstadt, Germany). 
Apparatus
A UV-visible (Shimadzu spectrophotometer Model 1601) equipped with a 1-cm quartz cell was used for recording the visible spectra and absorbance measurements. The XRD measurements were performed using a Bruker D8 AdvanceXRD. The FTIR spectra were recorded on a Shimadzu FTIR 8000 spectrometer. A transmission electron microscope (Philips CM 10 TEM) was used for recording the TEM images. A Metrohm 780 pH meter was used for monitoring the pH values. A waterultrasonicator (Model CD-7810, China) was used to disperse the nanoparticles in solutionand a supermagnet Nd-Fe-B(1.4 T, 10×5×2 cm) was used. All the measurements were performed at ambient temperature.
Fabrication of the modified Fe3O4 nanoparticles with ionic liquid
The Fe3O4 nanoparticles were synthesized by mixing ferrous sulfate and ferric chloride in sodium hydroxide solution with constant stirring as advocated. To achieve maximum yield for magnetic nanoparticles during the co-precipitation process, the ideal molar ratio of Fe 2+ /Fe 3+ was about 0.5.
The precipitates have been heated at 60 °C for 30 min and had been sonicated for 16 min, then washed for three times with 50 mL of distilled water.
Modification of the Fe3O4 nanoparticles was carried out using [C8MIM][Br] under vigorous
magnetic stirring for 30 min at 60 °C. The modified iron oxide nanoparticles (IL-Fe3O4) were collected by applying a magnetic field with an intensity of 1.4 T. The nanoparticles washed three times with 50 mL of distilled water. Nanoparticles were dispersed in the distilled water by using the ultrasonicator for 10 min at room temperature and then were magnetically separated [23] .
Fabrication of CoFe2O4 nanoparticles
The cobalt ferrite nanoparticles were synthesized by a co-precipitation technique reported on the literature [24] . An aliquot of 80 mL of an aqueous solution containing 0.11 M Fe +3 and 0.055 M Co +2 was continuously added into a reaction vessel containing 150 mL of boiling (90 °C) 0.725 M NaOH under continuous mechanical stirring at 500 rpm. A contact time of 2 h was performed for dehydration and atomic rearrangement and conversion of the intermediate hydroxide phase of the spinel structure. The produced CoFe2O4 nanoparticles were rinsed three times, each time with 50 mL distilled water, and then were magnetically separated.
Adsorption experiments
Aliquots of 20 mL of 10-100 mg L −1 dye solutions in the pH range of 3.0-10.0 were prepared and transferred into individual beakers. A known amount of nanoparticlesin the range of 5.0-35.0 mg was added to each solution, and the suspension was immediately stirred with a magnetic stirrer for
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a predefined period of time (5-20 min). After mixing, the nanoparticles were magnetically separated, and the mother liquor was spectrophotometrically analyzed at 520 nm for the residual dye. The percent adsorption of dye, i.e. the dye-removal efficiency of nanoparticles, was determined by using the following equation:
Where C0 and Cf represent the dye concentrations (mg L −1 ) before and after adsorption, respectively.
To observe the effects of temperature, adsorption studies were carried in the temperature range of 15 to 65 °C. To study the adsorption kinetics of the dye, the nanoparticles (20 mg) were incubated with 20Ml of a solution(at a specific pH) containing 20 mg L −1 ARS. The suspension was immediately stirred for a selected period of time. Adsorption kinetic data were obtained by measuring the concentration of dye in the solution at different times after removing the magnetic nanoparticles.
Results and discussion
Characterization of Fe3O4, IL-Fe3O4 and CoFe2O4
Almost all the peak positions and relative intensities observed in the XRD pattern of IL-Fe3O4 nanoparticles (Figure 1-B) are consistent inthe XRD pattern of the standard Fe3O4 (Figure 1-A) .
Although the magnetic nanoparticle surfaces in IL-Fe3O4 were coated with ionic liquid, analysis of XRD patterns of both Fe3O4 and IL-Fe3O4 indicated distinguishable peaks for magnetite crystal meaning that these particles have phase stability [25] . The TEM image of Fe3O4 nanoparticles indicated that the average diameter of Fe3O4 nanoparticles was about ~10 nm and that of CoFe2O4, was ~12 nm. However, the TEM image of ILFe3O4 (~13 nm) indicated that this nanoparticles had a few larger particle diameter than Fe3O4 revealing that ionic liquid caused agglomeration of Fe3O4 nanoparticles. This was expected as ionic liquid could reduce the surface charges of nanoparticles [26, 27] . expected to be increased by increasing pH. Therefore, in the pH values lower than ~ 3.0 for both CoFe2O4 and IL-Fe3O4 nanoparticles, the percent removal of ARS was firstly increased as long as the dye molecule was present in their positive or neutral forms. At the low pH, the nanoparticles tend to dissolve as reported [28] which was also observed in this study.
For CoFe2O4 and IL-Fe3O4nanoparticles, the anionic form of ARS predominates at pH more than 3.0
and an electrostatic repulsion is developed between both negatively-charged nanoparticles and anionic form of ARS. The result of this experiment is shown in Figure 3 . The figure shows a decrease in percent removal of the dye as pH increases to values more than 3.0. Generally, the higher adsorption of dye at lower pH values could be due to the electrostatic attractions between negatively-charged dye anion and the positively-charged nanoparticles, whereas at higher pH values the abundance of OH − is expected to prevent the adsorption of the anionic dye molecules [29] . Figure 3 demonstrates that the adsorption of ARS onto Fe3O4 nanoparticles is independent of pH. This observation may indicate that dye adsorption not only is influenced by the molecular structure of the ARS, but also by surface specification of the adsorbent. 
Effect of solution temperature
The Gibbs free energy, ∆G 0 (kJ mol −1 ), enthalpy, ∆H 0 (kJ mol −1 ) and entropy, ∆S 0 (J mol −1 K −1 ) of the adsorption processes were calculated using the Van't Hoff thermodynamic equations:
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where T is the temperature in K and R is the universal gas constant (8.314 J mol −1 K −1 ).The effect of temperature on the adsorptions of ARS by Fe3O4, IL-Fe3O4, and CoFe2O4 nanoparticles are shown in Figure 4A at the temperature ranging from 288 to 338 K. The adsorption efficiency of the Fe3O4 and IL-Fe3O4 for adsorption of ARS, in turn, was about 76% and 83% at 288 K were increased to 96% and 98% at 388 K, respectively. This refers to the endothermic nature of the adsorption process.
However, the dye adsorption efficiency of CoFe2O4 was about 98% at 288 K which decreased to 58% at 388 K indicating to the presence of an exothermic dye adsorption process. The plot of lnKc (or lnqe/Ce) versus 1/Tis indicated in the inset of Figure 4B . From the slope and intercept, the changes of the enthalpy (ΔH) and entropy (ΔS) at 288-388 K could be determined. Table 1 shows thermodynamic parameters of adsorption for adsorption of ARS onto Fe3O4, CoFe2O4, and IL-Fe3O4 nanoparticles. The free energy of the adsorption processes at all temperatures was negative indicating the feasibility of the process and the spontaneous nature of the adsorption processes. The negative ∆G indicated that the adsorption was proportional to the temperature. The positive value of ∆H indicated that adsorption processes for dye onto Fe3O4 and IL-Fe3O4were endothermic.
The negative value of ∆H indicated that dye adsorption onto CoFe2O4 was exothermic. The positive value of the ∆S indicated that the dye molecules adsorbed on the surface of the nanoparticles. This could be explained by the fact that the dye molecules are hydrated in the solution through hydrogen bonding, therefore the dehydration of dye molecules and lose of the water molecules increased the
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degree of disorder in the system. The adsorption affinity of the dye molecules on the surface of three nanoparticles gives some order to the system. Therefore, dehydration entropy predominates over adsorption affinity entropy and consequently the entropy of adsorption is positive. [30] .
Adsorption isotherm modeling
The adsorption isotherm of a specific adsorbent represents its adsorptive characteristics, which are very important for designing the adsorption processes. Several isotherm models for evaluating the equilibrium adsorption have discussed in literatures [31] . The equilibrium adsorption of the ARS on Fe3O4, CoFe2O4 and IL-Fe3O4 surfaces was analyzed using Langmuir and Freundlich models. Model fits to equilibrium adsorption results of dye were assessed based on the values of the determination coefficient (R 2 ) of the linear regression plot. The experimental data were fit with both models; the resulting plots are shown in Figure 5 . Table 2 summarizes the models constants and the determination coefficients. As shown in Table2 the R 2 of the Langmuir isotherm was greater than that of the Freundlich isotherm for dye adsorption onto three investigated nanoparticles. This indicates that the adsorption of ARS onto Fe3O4, CoFe2O4 and IL-Fe3O4 nanoparticles is better described by the Langmuir model. This in turn suggests that adsorption occurs as the monolayer dye adsorbs onto the homogenous adsorbents surfaces. Table 2 shows that the maximum adsorption capacity for ARS is140. 
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Several models describe the adsorption mechanism. The most commonly models used are the pseudo-first-order and pseudo-second-order reaction rate equations [32, 33] developed by [34] which have the following linear forms for boundary conditions of q=0 at t =0 and qt =qe at t=te. where k1 and k2 are the adsorption rate constants, qt is adsorption capacity at time t, qe is adsorption capacity at equilibrium condition. To describe the adsorption behavior and rate, the data obtained from adsorption kinetic experiments were evaluated using pseudo-first and pseudosecond-order reaction rate models. Table 3 provides a summary of the models and constants along with the correlation coefficients for the linear regression plots of three adsorption processes. As shown in Table 3 , the theoretical qe value estimated from the first order kinetic model gave significantly different value compared to experimental value and was found to be lower. Higher values of R 2 were obtained for pseudo-second-order than for pseudo-first-order adsorption rate models indicating that the adsorption rates of ARS onto Fe3O4, CoFe2O4 and IL-Fe3O4 nanoparticles can be more appropriately described using the pseudo-second-order rate. 
Desorption and reusability of adsorbents
For potential practical applications, the regeneration and reuse of an adsorbent are important.
Possible desorption of ARS was tested by using different solutions such as pure methanol, sodium 
